Objective: To calculate iron stores in man and their rates of changes in relation to iron requirements and dietary iron intake and bioavailability. Method: Newly established relationships between iron absorption from whole diets and serum ferritin (SF) and between SF and iron stores allow calculations of amounts of stored iron under different conditions (diets, losses) at stationary states when absorption equals losses. Rate of growth of stores can also be calculated. All calculations are based on observations and require no model assumptions. Results: Present calculations of iron stores agree with previously observed phlebotomy values. Differences in intake and bioavailability of dietary iron and in iron requirements had marked effects on amounts of stored iron. A wide range of diets was studied, from a hypothetical high-meat diet typical for early man to diets in developing countries. A new equation is given for the translation of SF into iron stores. Analyses of growth rate of stores under different conditions showed a fast growth from zero iron stores during the ®rst year (reaching about 80% of ®nal amounts) followed by a much slower rate for 2±3 y. A marked inertia was seen in rate of changes in iron stores that was more marked the closer stores were to their stationary states making it dif®cult to use SF to estimate short term changes in iron absorption in iron replete subjects. Conclusions: Realistic Western-type diets with good bioavailability can cover iron requirements in most women and can restitute iron stores during lactation. The high prevalence of iron de®ciency in menstruating Western women is thus mainly related to a further low bioavailability of iron in present diets. Present analyses also demonstrated an effective control of iron absorption preventing development of iron overload in otherwise healthy subjects even if the diet is forti®ed with iron and even if meat intake is high. 
Introduction
It is a well known fact that there is a relationship between dietary iron absorption and iron stores with a higher iron absorption in iron de®cient and a lower absorption in iron replete subjects . A relationship between absorption, or log absorption, of nonheme iron and serum ferritin (SF), as a measure of iron stores, has been described by several authors (Bezwoda et al, 1979; Cook et al, 1974; Skikne et al, 1990; Taylor et al, 1988) . In these studies, however, iron absorption was measured from a 3 mg dose of ferrous iron, the so-called reference dose of iron. In two recent studies in women Hulthe Ân et al, 1995) nonheme iron absorption from whole diets was found to be strongly associated to serum ferritin concentration (SF). Recently, results were reported from studies in men on iron absorption from a whole diet which was designed to be representative for a realistic diet with a high bioavailability of the iron (Hallberg et al, 1997) . In this study the absorption of both heme and nonheme iron were separately and directly measured using both heme and nonheme iron tracers and the absorption was found to be strongly related to SF. The diet served in this latter study was almost the same as the diet served in one of the previous studies in women . Using the classical phlebotomy method to determine the amounts of stored iron, the relationship between iron stores and (SF) was ®rst studied by Walters et al, 1973 . This study was made before the ferritin standard was introduced (ICSH, 1985) . In a recent study the amount of stored iron was determined using the same phlebotomy method and carefully calibrated serum ferritin analyses were also made (Skikne et al, 1990) . Therefore, in the present study the latter data was used to calculate the relationship between SF and iron stores (see below).
Since the relationship between heme and nonheme iron absorption from whole diets and SF has now been established and since it is possible to validly translate SF into iron stores, it has now become possible to describe the relationship between the amounts of iron absorbed from the whole diet and iron stores in quantitative terms. This observed relationship can be described in an equation which is a quantitative expression for the relationship between the amount of iron stores, iron absorption and iron losses. By derivation of the equation, it is also possible to describe the rate of changes in the iron stores over time expected under different conditions.
The purpose of this paper is to describe the derivation of this relationship, to present the results of calculations of the amounts of iron stores in subjects with different iron requirements served different diets, and to examine the nutritional implications of these ®ndings.
Methods
A quantitative expression for the relationship between the size of iron stores and absorption and losses of iron We de®ne iron stores as the quantity of iron that can be mobilized and measured by the classical phlebotomy method. We assume that the hemoglobin mass is constant. The change in the amount of stored iron over time is then given by the equation (mass conservation):
where M is the amount of stored iron, A is the rate of absorption and L is the rate of iron losses and iron needed for growth of tissues. Experimental data have provided regression equations for the relationship between iron stores and the concentration of serum ferritin (see below) and between the absorption of iron from diets and the concentration of SF. These two relations can be combined and results in the following relation between absorption and iron stores
In this equation, describing the decreasing absorption with increasing iron stores, the constant k 1 is the iron absorption from the actual diet observed at zero iron stores (see below) and exp 7k2M is an expression for the relationship observed between log total amounts of iron absorbed and iron stores. (For the calculation of the constant see below.) Equation (2) is thus a description of observed data and contains no assumptions. Insertion of equation (2) 
where M 0 and M t are the values of M at times 0 and t and where
Values of constants
The value of k 1 is the amount of iron absorbed mg FeÁkg
71
Ád 71 from a diet studied in subjects with no iron stores M 0. One of the k 1 values used 66X7 mg peÁkg ÀI Ád ÀI is from a study of 31 men served a diet with high bioavailability of its iron (Hallberg et al, 1997) . Two of the k 1 values used (53.2 and (L 31X4 mg peÁkg ÀI Ád ÀI , respectively) are from a study on iron absorption from two diets with high and moderate bioavailability . To facilitate comparisons of the effects of bioavailability on iron stores, calculations are also based on four other k 1 values: 150, 75, 25 and 15 mg peÁkg ÀI Ád ÀI . The bioavailability concept used in the calculations is the amount of iron absorbed at zero iron stores and thus includes both iron intake and fraction of the dietary iron absorbed.
The value of k 2 for a given diet was obtained from equation (2) using the k 1 values (absorption from the diet at zero iron stores) and the observed relation between iron stores and the amount of iron absorbed at another point on the regression line describing the relationship between iron stores and iron absorption for the diet.
One equation describing the relationship between log total amounts of iron absorbed in men, Y mg peÁkg ÀI Ád ÀI , and log pY mgav, was derived from our original data in men (Hallberg et al, 1997) and was:
The r 2 value of this regression was 0.737. In the next step for the calculation of k 2 , SF was transformed into iron stores using equation (9), see below.
A regression line for a diet with a bioavailability k 1 of 66X7 mg peÁkg ÀI Ád ÀI is thus determined by this point, at zero iron stores log p IXP, and another arbitrarily chosen data pair on this line. From equation (6) it can be calculated, for example, that a SF of 100 mg/L corresponds to an absorption of 11 mg peÁkg ÀI Ád ÀI or 0.83 mg in a 75 kg man. From equation (9) it can be calculated that a SF of 100 mg/L corresponds to an amount of stored iron, M, of 562.5 mg in a 75 kg man. Inserting these values into equation (2) the constant k 2 can be calculated, it was found to be 0.0032.
The same calculations were made for a diet studied in 21 women . This diet was designed to be more or less the same as the diet served to the 31 men described above. The heme iron content, however, was slightly lower, (1.5vs 1.8 mg/d). Nonheme iron absorption was measured from the whole diet over a period of nine days. Heme iron absorption was calculated from the absorption of iron from a reference dose using the same equation as derived in the study in men above where the absorption of both heme and nonheme iron was directly measured (Hallberg et al, 1997) . The equation describing the relationship between log total amounts of iron absorbed, Y mg peÁkg ÀI Ád ÀI ), and log serum ferritin, X mgav, was:
The r 2 for this relationship was 0.606. The constant k 1 was found to be 53X2 mg peÁkg ÀI Ád ÀI . The constant k 2 was calculated from these data in the same way as was done for the men above and was found to be 0.0032.
In the same study in the 21 women above, nonheme iron absorption was also measured from a whole diet with a much lower bioavailability . This diet contained more dietary components inhibiting nonheme iron absorption and only one third of the amount of meat. The heme iron content was 0.5 mg/d compared with the diet discussed above which contained 1.5 mg heme iron. Nonheme iron absorption was measured from the whole diet over a period of ®ve days. Heme iron absorption was calculated as described above. The equation 
The r 2 for this relationship was 0.652. At zero iron stores, log SF 1.2, absorption was 31X4 mg peÁkg ÀI Ád À1 k 1 or 2.36 mg in a 75 kg man, or 1.89 mg in a 60 kg woman. The constant k 2 was calculated as above and was 0.0033. In the calculations we have used the ®gure 0.0032 for the constant k 2 . Inserting this value of k 2 into equation (2), the relationship between iron absorption, expressed as the fraction of k 1 absorbed, and iron stores (M) is illustrated in Table 1 .
Translation of SF into iron stores
Simultaneous measurements of SF and the amounts of stored iron have been made in three studies. (Birgega Êrd et al, 1977; Skikne et al, 1990; Walters et al, 1973) . Only one of these studies (Skikne et al, 1990) was made after the introduction of the international ferritin standard (ICSH, 1985) and the results of this study were therefore used in the present translation of SF into iron stores (Skikne et al, 1990) . Since this translation has a key role in the present calculations of iron stores we have critically examined methods used and calculations made in that important paper. Using the phlebotomy method, iron stores are calculated from the amounts of stored iron that can be removed by repeated phlebotomies, continued until a steady anemic state has been reached. Iron stores are then equal to the amounts of iron removed, minus the iron content of the hemoglobin de®cit attained at the end of the phlebotomy period and minus the extra amounts of iron absorbed during the phlebotomy period. The amounts of iron required to cover basal iron losses in men are disregarded as are the amounts required to cover basal and menstrual iron losses in women. The estimation of the extra amounts of dietary iron that will be absorbed during the phlebotomy period is critical for the calculation of iron stores, especially if this period is long due to large iron stores and/or small amounts of blood withdrawn at each phlebotomy. In most previous estimations of amounts of stored iron a ®gure of 3 mg has been used for the daily extra amounts of dietary iron absorbed. This ®gure was derived from an early study on iron requirements for the regeneration of hemoglobin in ten patients with polycythemia vera (Finch et al, 1950) . Since then, more direct studies on dietary iron absorption in normal subjects undergoing phlebotomies have been reported, some of which had also considered effects of blood volume changes.
In a study on 10 young men, the calculated daily iron absorption ranged from 1.8±5 mg (Norrby, 1974) . In two further studies in two men such measurements were made. In one study 4.1 mg extra iron was absorbed daily (Hynes, 1949) and in the other 4.3 mg (Pritchard & Mason, 1964) . The median iron absorption in these twelve men was 4.4 mg/d and this ®gure was used for men in the present calculations. To get comparable ®gures for men and women, considerations have to be made for differences in body weight and menstrual iron losses. Adjusting this ®gure for body weight will decrease the 4.4 mg to 3.52 mg in a 60 kg woman. The basal iron losses in men are estimated at 14 mpÁkg ÀI Ád ÀI . In women the average total iron losses (basal and menstrual) are 1.36 mg/d or 22X7 mg peÁkg ÀI Ád ÀI . The difference in average iron requirements between men and women 8X6 mg peÁkg ÀI Ád ÀI ) will thus correspond to an extra iron loss in women of 0X52 mg peÁkg ÀI in a 60 kg woman. Under similar conditions in men and women with respect to diet and iron status, a woman would be able to use 3.52 7 0.52 3.0 mg iron/d for the regeneration of hemoglobin. Therefore, the estimated extra amounts of iron that can be utilized for hemoglobin formation during the phlebotomy period is 4.4 mg in men and 3 mg in women.
In the study by Skikne et al, 1990 , iron stores and SF were determined at the beginning of the phlebotomies in 14 subjects. One woman with a body weight of 111 kg and a SF of 238 mg/L was excluded. In the remaining 13 subjects (6 men and 7 women) the iron absorption during the phlebotomy period was recalculated using the ®gures above since fortunately both body weights and duration of the phlebotomy periods were reported. For reasons given by the authors (Skikne et al, 1990) we also used their ferritin method' to identify the point of iron depletion. A regression analysis of log SF and the recalculated ®gures for amounts of stored iron per kg body weight is shown in Figure 1 . Table 1 The relationship between iron stores (M) mg and the fraction of k 1 (absorption of dietary iron at zero iron stores) that will be absorbed. 
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In the regression equation, iron stores, Y, are expressed as mg peÁkg ÀI and SF, X, as log SF.
The squared correlation coef®cient was 0.799
Iron losses
The mean basal iron losses of iron from the body were assumed to be 14 mg kg ÀI Ád ÀI based on the studies by Green et al, 1968 . It is assumed that this ®gure has a variation coef®cient of AE 15% (FAO/WHO, 1988). The ®gures used for the distribution of menstrual iron losses are based on results in an earlier study (Hallberg et al, 1966) as later recalculated .
Diets
The iron absorption from ®ve, fully realistic diets has been directly measured Hallberg et al, 1997; Hulthe Ân et al, 1995) . One diet, previously described in detail (Huthe Ân et al, 1995) , was designed to have a high bioavailability. This diet was served to 21 women for 5 d, all main meals contained meat or ®sh and had low contents of phytate and polyphenols. The intake of heme and nonheme iron was 1.5 and 12.4 mg, respectively. The k 1 value of this diet was 53X2 mg peÁkg ÀI Ád ÀI . In a 75 kg man with no iron stores this corresponds to an absorption of 4 mg/d.
One diet served to men (Hallberg et al, 1997 ) was designed to be about the same as the diet above served to women . The average heme and nonheme iron intakes were 1.8 and 11X2 mg peÁd ÀI , respectively. The meat intake was thus slightly higher in the study on men (1.8 vs 1.5 mg heme iron) which may explain the difference in bioavailability observed 66.7 vs 53X2 mg pe kg ÀI Ád ÀI . In a 75 kg man with no iron stores this corresponds to an absorption of 5 mg/d.
Another diet of medium bioavailability 31X4 mg peÁkg ÀI Ád ÀI corresponded closely to the habitual diets of the 21 female volunteers (dieticians) in one of the previous studies (Hulthe Ân et al, 1995) . The meat intake was only about one third of the intake in the high bioavailability diet served to the same group of women and the heme iron intake was thus only HXS mg peÁd ÀI . Four of the 10 main meals were vegetarian. Daily intake of phytate-P was 185 mg vs 73 mg in the high bioavailable diet served to the same 21 women.
The other four diets included in the present calculations were arbitrarily chosen. An attempt was made to compose a realistic Western-type diet with even more meat and ascorbic acid. Using a new algorithm (Hallberg & Hulthe Ân, to be published) we estimated the amounts of iron absorbed to be 75 mg peÁkg ÀI Ád ÀI (k 1 value) from this Western-type diet. Iron stores in subjects consuming diets with even lower bioavailability were also included in Table 2 (25 and 15 mg peÁkg ÀI Ád ÀI ). These latter diets were used as examples of low bioavailability diets in developing countries.
An attempt was also made to design and assess a diet roughly corresponding to what is considered to be consumed by our preagricultural ancestors. The energy of their diet was considered to have a 65:35 plant:animal subsistence pattern that would have given an intake of most vitamins and minerals much in excess of currently recommended dietary allowances both in absolute terms and relative to energy intake. Based on an energy intake of 3000 kcal (12 558 kJ) the intakes of vegetable food and meat were 1697 g and 913 g, respectively (Eaton et al, 1997; Eaton & Konner, 1985) . The meat consumed was wild game, with an iron content of 3±4 mg/100 g of which heme iron constituted about 60%. This would give a daily heme iron intake of about 19 mg. We have estimated that the total intake of iron would have been about 16 mg/ 1000 kcal. The calcium intake is estimated to be around 1900 mg/d (Eaton & Nelson, 1991) , and the ®ber intake to about 100 g/d (Eaton, 1990) . Because the ®ber consumed by paleolithic humans came primarily from fruits, roots, legumes, nuts and other non-cereal vegetable sources, the dietary content of phytate would have been less than that of the ®ber consumed now in industrialized countries, which comes largely from grain (Eaton, 1990) . The estimated content of phytate-P in the paleolithic diet was estimated at about 120 mg. The content of ascorbic acid was high and has been estimated at 400±600 mg/d (Eaton et al, 1997; Eaton & Konner, 1985) . It is assumed that two main meals about equal in size were consumed daily. Each meal was estimated to contain 15 mg nonheme and 9.5 mg heme iron. Using our new algorithm, mentioned above, the total iron absorption, was estimated at 10±12 mg peÁd ÀI corresponding to about 150 mg peÁkg ÀI Ád ÀI .
Results
As shown in the previous section there is a strong relationship between log SF and iron stores (r 2 0.799) which makes it possible to validly translate SF into iron stores. Table 2 shows the calculated amounts of stored iron at stationary states, namely at steady states at in®nite time, in men and women with different iron requirements consuming diets with different bioavailabilities (Equation 4). These calculations are based on a body weight of 75 kg in men and 60 kg in women. It was evident, as expected, that iron stores are considerably larger in men than in women. It was found, for example, that about 20% of women consuming a diet with a medium bioavailability (33X9 mgÁkg ÀI Ád ÀI ) cannot cover their iron requirements by absorption from the diet and that about 40% of women cannot cover their These latter two diets may be representative for some common diets in certain developing countries with low contents of food components enhancing iron absorption such as meat, ®sh and ascorbic acid and often a high content of components inhibiting the absorption such as phytate and iron-binding polyphenols. These diets were mainly included to illustrate the effect of a low bioavailability on iron stores and iron status in developing countries. It is evident from Table 2 that the diet with the lowest bioavailability did not even cover iron requirements in all men.
The diet with the highest bioavailability (150 mgÁkg
, that is about II mg peÁkg ÀI Ád ÀI in a 75 kg man) was included to illustrate the iron balance situation in early man. With this diet, iron stores in women with average iron requirements was about 500 mg. In men with the lowest iron losses the stores would have reached about 850 mg from such a diet. Figure 2 shows the increase in iron stores in men consuming a high bioavailability diet 66X7 mg peÁkg ÀI Á d ÀI ) and with three different levels of iron requirements (mean, AE 2 standard deviations, that is 14, 18 and 10mgÁkg ÀI Ád ÀI ). Figure 3 shows in a similar way the rate of increase in iron stores in men with average iron requirements 14 mgÁkg ÀI Ád ÀI ) consuming diets with different bioavailability. Figure 4 shows the rate of increase in iron stores in women with different iron requirements consuming a diet with a high bioavailability 66X7 mgÁkg ÀI Ád ÀI ). Figure 5 shows the rate of growth of iron stores in women with average iron requirements consuming diets with different iron bioavailability.
Figures 2±5 all show the same pattern in increase of iron stores with a rapid initial growth of iron stores within the ®rst year, from a state with no iron stores, reaching about 80% of the ®nal stationary values. These are attained after about 2±3 y. 
Figure 4
Rate of increase of iron stores in women with different iron requirements from 5th to 95th percentile (15, 18.3, 22.6, 24.7, 27.3, 28.8, 31, 37.8, 47 .3 mg iron kg ÀI Ád ÀI ) and consuming a diet with a bioavailability of 66.7 mg iron kg ÀI Ád ÀI .
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Discussion
Validity of methods used to calculate iron stores
The equations (1±5) given in the Method section are based on (1) the fact that, by de®nition, the change in iron stores is determined by the difference between absorption and losses; (2) that we have observed a linear relationship between the log total amounts of iron absorbed from the diet and log SF, and (3) that there is an observed linear relationship between log SF and total amounts of stored iron per unit body weight (Figure 1 ). There are two constants in the equations: the constant k 1 which expresses the amount of iron absorbed at zero iron stores and the constant k 2 which is an expression for the observed slope of the relationship between absorption and amount of stored iron. As shown in the method section there was no difference in k 2 for three different diets with markedly different bioavailability which means that the regression lines are parallel.
The constant k 1 was determined in three studies on iron absorption from whole diets. In a previous study on iron balance in 203 menstruating women, iron status parameters (absence of stainable iron in bone marrow smears, TIBC, Hb concentration and SF) were related to iron requirements based on measurements of menstrual iron losses and body weights . It was observed that the critical level of iron losses that could be balanced by absorption of iron from the diet without developing iron de®ciency was in the range 1.6±1.8 mg/d. The average body weight in these 38 year old women was 55 kg. Expressed in the same way as above, the total amount of dietary iron absorbed was thus 29.1±32.7 mgÁkg ÀI Ád ÀI . The absorption from an average Swedish diet in middle aged women was thus in the same range as in one of the present diets studied (31X4 mg peÁkg ÀI Ád ÀI ). It should be noted that with diets around 30 mg peÁkg ÀI Ád ÀI about 25±30% of menstruating women have no iron stores and would thus be iron de®cient. This estimate ®ts well with earlier estimates in the same material using different criteria (Hallberg & Hulthe Ân, 1996) .
Translation of serum ferritin concentrations into iron stores
An algorithm to estimate iron stores from SF was early introduced (Cook et al, 1986) . The experimental basis for the algorithm was not reported. The present algorithm, equation (9), in which body weight is considered, gives values for iron stores that are about 40±60% lower. We based our algorithm on a recent and extensive study on iron stores measured by phlebotomy (Skikne et al, 1990) . No algorithm was presented in that paper, however. As mentioned in the method section we utilized their data in the present paper but corrected the ®gures for estimated increased dietary iron absorption during the phlebotomy period. Using the original data by Skikne et al (1990) but expressing iron stores per kg body weight an equation is obtained which is very similar to the one used by us. [Iron stores mg Fe/kg b.w. 85676log SF 7 9713]. Actually, the regression between the recalculated stores (Y mg) and the ones calculated with the present algorithm (X mg) (equation 9) is expressed in the equation:
It is thus important to conclude that the present algorithm to estimate iron stores from log SF (equation 9) is probably the most reliable one available today, and that estimations based on the previously much used algorithm (Cook et al, 1986) grossly overestimates the amount of iron in stores.
It is well known that SF is in¯uenced by various disorders and that even a slight infection, such as a common cold (Hulthe Ân et al, 1998), fasting (Lundberg et al, 1984) or a slight to moderate alcohol consumption (Leggett et al 1990) signi®cantly increase the level. A condition for a valid use of SF to estimate iron stores are thus that these factors are considered and that the method used to determine SF is well calibrated to the International WHO standard. Great care should thus be taken in translating SF into iron stores especially at high SF. Moreover it is evident that iron stores should be calculated on a body weight basis.
Comparison of present ®ndings with earlier observations
We have compared the presently calculated amounts of stored iron in men and women with those reported in previous studies. One problem in such comparisons is that the amounts of stored iron based on phlebotomy studies are probably often too high since we believe that the estimates used for the amounts of dietary iron absorbed during the phlebotomy period were too low especially in men (see Methods). Since the duration of the phlebotomy periods and/or body weights are usually not reported it is impossible to make the necessary recalculations of the amounts of stored iron reported in some of the previous studies. The longer the duration of a phlebotomy period and the higher the iron stores the greater is the probability that the iron stores are overestimated. The amounts of stored iron reported in nine studies in 61 men varied from 130± 1700 mg with a mean value of 682 mg and a geometric mean of 595 mg. (Balcerzak et al, 1968; Birgega Êrd et al, 1977; Charlton et al, 1977; Haskins et al, 1952; Hynes, 1949; Norrby, 174; Olsson, 1972; Pritchard & Mason, 1964; Waters et al, 1973) . In 27 women the range was 59±834 mg with a mean value of 263 mg and a geometric mean of 220 mg (Pritchard & Mason, 1964; Skikne et al, 1990; Walters et al, 1973) . With phlebotomy periods around 80±100 d it may be estimated that the iron stores Iron stores in man L Hallberg et al in men were overestimated by about 100±150 mg due to a too low estimate of the extra amounts of iron absorbed from the diet during the phlebotomy period. It should be noted that the ®gures in Table 2 are mean values. Con®dence intervals for these ®gures are probably only in¯uenced by the variation in the calculation of iron stores from SF (equation 9) since the value of k 2 was found to be the same in three separate studies. The 95% con®dence interval of the slope of the regression line in equation (2) was AE 18.5%. For a man with iron losses of 14 mg/kg/d consuming a diet having a bioavailability of 66.7 mg/kg/d the mean iron store was calculated to be 492 mg ( Table 2 ). The 95% con®dence limits would thus be 401±583 mg. For a woman with iron losses of 22.6 mg/ kg/d and a diet with a bioavailability of 31.4 mg/kg/d the mean iron store was 82 mg (Table 2 ). Its 95% con®dence limits would be 67±97 mg.
Considering all these facts, the amounts of stored iron derived from the presently developed equations agree well with the observations of the size of iron stores reported in previous studies from 1949±1990 comprising 88 subjects. In one study (Walters et al, 1973) some of the male subjects who had served as blood donors were removed from the present calculations of mean and median values of iron stores. In another study (Skikne et al, 1990) , all male subjects had to be deleted in these calculations since an unknown fraction had served as blood donors. All men in the latter study were included, however, in analyzing the relationship between SF and mobilizable iron stores.
Effects on iron stores of variations in iron requirements and dietary iron bioavailability
It is of course a matter of fact that the higher the iron requirements and the lower the bioavailability of the dietary iron the lower the iron stores. For example, according to present calculations a diet with a bioavailability of 31X4 mg peÁkg ÀI Ád ÀI would cover iron requirements in only about 80% of menstruating women (31 mg peÁkg ÀI Ád ÀI ) and a diet with a bioavailability of 25 mg peÁkg ÀI d ÀI would just cover iron requirements in 50±60% of women (22X6 À 24X7 mg peÁkg ÀI Ád ÀI ). In some developing countries the bioavailability of the dietary iron may be even lower. One diet was included with a bioavailability of the dietary iron of only 15 mg peÁkg ÀI Ád ÀI to illustrate the effect of such a diet on iron status and iron stores. The low ®gures for bioavailability seleced correspond to actual ®ndings in previous studies (Hallberg & Rossander, 1984; Tuntawiroon et al, 1991) .The physiological variation in iron requirements in women have a marked effect on iron stores as shown in Table 2 and Figure 4 . The very skewed iron requirements in women have sometimes been regarded as`unphysiological' and thus not necessary to be covered from the diet (Department of Health, 1991). In establishing recommended dietary iron intakes the tail in the distribution of iron requirements in women has sometimes simply been disregarded (National Research Council, 1989) . The ®gures given in Table 2 for stationary states of iron stores under different conditions clearly show that even very high iron requirements in women can be covered by diets which are fully realistic with respect to iron bioavailability and energy intake. The problem is, however, that present-day diets often have a low bioavailability and low iron content in relation to the present-day low energy intake. Thus the problem is not that the iron requirements for some women are`unphysiological'.
The ®gures included in Table 2 are for men with a body weight of 75 kg and for menstruating women with a body weight of 60 kg. It can be calculated that a man with a body weight of 90 kg, for example, having low iron losses (10 mg peÁkg ÀI Ád ÀI ) and consuming a diet with a high bioavailability (75 mg peÁkg ÀI Ád ÀI ) will attain iron stores of about 760 mg. A woman with a body weight of only 45 kg consuming a moderately bioavailable diet (31X4 mg peÁkg ÀI d ÀI ) and having average iron losses can be estimated to have iron stores of only about 60 mg. With an even lower dietary iron bioavailability women with average iron losses would be expected to have no iron stores at all. These examples are important to consider, for example, in evaluating the need for iron forti®cation and in designing iron supplementation programs in pregnancy.
Rate of increase of iron stores
The exponential relationship between iron absorption and iron stores explains the form of the curves describing the rate of increase of iron stores, with a very rapid initial increase within the ®rst year, from zero iron stores followed by a slow growth and reaching ®nal plateau values after about 2±3 y. This growth pattern is biologically important since iron stores of functional importance are very rapidly formed, for example, in pregnant women after delivery. This restitution of iron stores during the lactation period is further facilitated by the unexplained, and markedly increased iron absorption during this period .
On the other hand, the plateau values imply that the absorption of iron just balances the iron requirements. In other words, there is a very effective control of the absorption of iron, preventing the formation of dietary iron overload in otherwise healthy subjects (Hallberg et al, 1997) . The present relationships between iron absorption and iron stores also imply that the stationary iron store values are directly related to the logarithm of the bioavailability ®gures.
The data in Table 1 and Table 2 illustrate the effective control of iron absorption. With the k 2 values observed, which seem to be independent of the properties of the diet, a hypothetical iron store of 800 mg, for example, would be associated with an absorption that is only 8% of the absorption at zero iron stores. A diet with a bioavailability of 66X7 mg peÁkg ÀI Ád ÀI , which corresponds to a daily iron absorption of 5 mg in a 75 mg man with no iron stores, would correspond to a daily absorption of only 0.40 mg. Since daily iron losses are much higher (mean value 1.05 mg), an iron store of this magnitude can therefore not be reached with this diet. As seen in Table 2 a man with average iron losses 14 mg peÁkg ÀI Ád ÀI consuming such a diet will reach an iron store of 492 mg.
The inertia in changes of iron stores
The present results that iron stores remain constant under constant external conditions with regard to iron losses and to dietary iron intake and bioavailability are compatible with two extensive autopsy studies showing that the amounts of iron in the liver in normal male subjects are not in¯uenced by age (Charlton et al, 1970; Sturgeon & Shoden, 1971) . In one of the studies (Sturgeon & Shoden, 1971 ) on liver samples from USA it was observed that there was an increase in liver iron after the menopause and that in Iron stores in man L Hallberg et al women in the fertile age period about 40% had liver iron concentrations less than 5 mg/100 g liver suggesting iron de®ciency. The data in this study in the US should also be taken into account when examining the validity of arbitrarily selected diagnostic criteria for iron de®ciency presently used in some epidemiological studies in USA (Pilch & Senti, 1984) .
The US autopsy (Sturgeon & Shoden, 1971 ) also showed that in subjects above the age of 20 y the ratio of amounts of hepatic iron in men and women was 1.67. This ratio is compatible with the present calculations of mean iron stores in men and women.
Present ®ndings indicate that iron stores are expected to be very stable once the plateau values have been reached. Changes in iron stores, based on SF changes have been used to quantify changes in iron absorption induced, for example, by changes in the bioavailability of iron. It has been assumed that such changes, based on SF measurements, may be observed already within a few months. The presently calculated inertia in the changes in amounts of stored iron, once plateau values are reached, implies that such changes are very slow and that therefore very long observation periods and/or large samples are required to observe statistically signi®cant changes in SF. An example: Increasing the bioavailability of the diet by 20% from 39.4 to 37.7 mg peÁkg ÀI Ád ÀI in a woman with average iron requirements can be expected to increase iron stores from 82 to 128 mg. To reach 90% of this increase (41 mg) would take 283 d and to reach only half of the expected ®nal increase would take 106 d. The corresponding change in SF expected would be only 4.3 and 2.4 mg/L. A further example of the inertia of the iron stores when changing the conditions is the following calculation also based on Equation 5: Menstrual iron losses are reduced by about half when contraceptive pills are used. The median total iron losses will then be reduced from 22.6 to 17.3 mg Fe/kg/ d. Consuming a diet with a k 1 value of 53.2 mg Fe/kg/d iron stores would then increase from 214 to 281 mg (67 mg). With a diet having a k 1 value of 31.4 mg Fe/kg/d the stores would be expected to increase from 82 to 149 mg (67 mg). To reach 90% of this increase (60 mg) 670 and 661 d, respectively, are needed. The corresponding changes in SF would be from 38 to 49 from 22 to 28 mg/L respectively, using equation (9).
A careful study was made of the effect of giving calcium supplement on iron stores (SF) (Sokoll & Dawson-Hughes, 1992) . For 12 weeks 500 mg calcium was given with each of the two main meals. Assuming that the women consumed a diet with a good bioavailability (53.2 mg Fe/kg/d) and that they had median iron losses (22.6 mg Fe/kg/d) it can be calculated that their mean initial iron store would be 214 mg (Table 2) . It can be calculated that each of these meals contained about 200 mg calcium and that the iron absorption would be reduced by about 15% by giving the supplements. Using equation (5) it can be calculated that mean iron stores would decrease from 214 to 201 mg within the observation period of 84 d (12 weeks). Using equation (9) the corresponding SF would be 38 and 36 mg/L, respectively. Such a small difference cannot be detected with the actual number of subjects considering the rather marked day-today variation in SF (Boler et al, 1991) .
The distribution of SF at different ages was recently examined (Leggett et al, 1990) . The median values seemed to be constant in men after the age of 30 y. The same was true in the extensive N-HANES II survey (Pilch & Senti, 1984) . All studies show a shift in the distribution of SF towards higher values at higher ages. In the light of present ®ndings, and the necropsy studies mentioned, it may be assumed, that other factors related to age, may be associated with this SF shift. There are further studies illustrating the constancy of iron stores as re¯ected by SF. In an iron forti®cation trial, 7.5 mg additional iron was consumed daily for 2 y leading to a signi®cant improvement of iron status in women but with no effect on SF in men (Ballot et al, 1989) . In another study in an iron-replete man, 10 mg iron as ferrous sulphate was mixed into one of the main meals for 500 d with no signi®cant increase in SF (Sayers et al, 1994) . Similarly, giving 1 g ascorbic acid twice daily with two main meals for two years, expected to increase dietary iron absorption, did not increase SF (Cook et al, 1984) .
Iron forti®cation and iron stores
The present equations can also be used to predict the effects of iron forti®cation considering both the change in prevalence of iron de®ciency and amounts of stored iron under different conditions with respect to dietary properties and iron requirements. Iron forti®cation of some foods, for example, increasing iron intake by 30% by using an iron compound that is usually only partially bioavailable (for example a relative bioavailability of 30%) would be expected to increase iron absorption by 9%. The k 1 value would thus increase, for example, from 50 to 55 mg peÁkg ÀI Ád ÀI , corresponding to an increase in iron stores by only about 30 mg in a woman with average iron requirements. For a woman with a diet of lower bioavailability the absolute change in iron stores would be the same. In men, with average iron, requirements iron stores would increase by 34 mg, if the bioavailability would increase by 10%.
The introduction of an effective iron forti®cation program is expected to reduce the prevalance of iron de®-ciency. In iron replete subjects, however, who already have appreciable amounts of stored iron, rather small changes in the ®nal amounts of stored iron are expected since the system controlling iron absorption is so effective.
Iron stores in our ancestors
The calculations of iron stores from a diet with a very high bioavailability (150 mg peÁkg ÀI Ád ÀI , assumed to re¯ect the iron balance situation in early man having a very high intake of meat and ascorbic acid and also of phytate and calcium, have important implications. Even if the present estimates of intake and bioavailability of iron may have considerable errors, present calculations may still give hints of the nutritional situation in our ancestors. The true bioavailability may be within the range of 200 and 100 mg peÁkg ÀI Ád ÀI based on varying the intake of ascorbic acid, phytate, iron-binding polyphenols and meat. Moreover, there may have been considerable variation in dietary intake depending on variations in access of food. It is evident, however, that women could easily balance the high iron requirements of pregnancy by the high iron absorption from their diet and by utilizing their iron stores which were estimated to have a magnitude (median value) of about 500 mg. Moreover, with such a diet, and the mentioned high iron absorption during the lactation period, iron stores would then be expected to be completely restituted during the lactation period of say 9±12 months.
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The other important conclusion from present calculations using this extremely high bioavailability is that, even with such a diet with a bioavailability that is at least 2±4 times higher than for most present day diets, iron stores are only moderately further increased, thus again illustrating the effective control of iron absorption preventing iron overload.
